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ARTICLE INFO ABSTRACT
Article history: Interferometry is a trusted and widely used optical technique for measurements of the re-
Available online 21 April 2011 fractivity of objects, from which related quantities like temperature, or concentration can
be determined. In particular, it is considered as most precise method for measuring dif-
g?g’ ;/::lnijli:terferometry fusion in transparent fluids. A reason why this precise and powerful technique has not
Diffusion yet found application for measuring thermodiffusion obviously lies not in the accuracy of
Thermal diffusion the method itself but rather in a set of some complementary factors. Consideration of the
Soret cell main factors affecting accuracy of thermodiffusion measurement by interferometry is one
Soret effect of topics of present work.

For the measurements of thermodiffusion by means of optical diagnostics, we use a classi-
cal Soret cell with transparent lateral walls clamped between two thermostabilized blocks.
Although this system is generally stable with downward temperature gradient, some small
lateral heat flux provokes residual convection which in turn disturbs the measurement.
Ability of the method to locate and exclude from consideration the regions disturbed by
convection is demonstrated for cells of different geometries. Cell design optimized with
help of digital interferometry has been successfully used to measure Soret and diffusion
coefficients in different binary mixtures.

© 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Throughout many decades interferometry has been actively used for the accurate measurement of diffusion coefficients in
transparent solutions [1]. Attempts to apply it for measuring thermodiffusion date back to the 1950s (e.g. see [2]), but since
then, the method did not get wide usage. One of reasons for that was the absence of a well-developed flexible interferogram
processing technique. Moreover, the presence and deleterious effect of residual convection was already recognised at that
time, but ways of cell optimization had a rather intuitive base then.

Nowadays computer-aided processing of digital fringe patterns is well established and widely used, providing interfer-
ometry with much more flexibility and power than in former times. In addition, the progress in computing pushed much
development of design tools which are now widely available and easy to use. By combination of both tools (digital in-
terferometry and thermal design based on numerical simulation) we have developed an optimized convectionless Soret
cell and have established a procedure to measure the Soret and diffusion coefficients with good accuracy and reliabil-

ity.
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Fig. 1. Principle scheme of image processing steps.

2. Experiment and image processing
2.1. Experimental

For the measurements of the Soret effect by means of optical diagnostics, we have adopted a classical thermodiffusion
cell with transparent lateral walls, open from the top and bottom and clamped between two thermostabilized copper
blocks. We have tested two different cell geometries, one with an inner volume of 10 x 10 x 10 mm?, and another with
18 x 18 x 6.6 mm?. The glass frame of the cell is custom made of optical quality fused silica.

Each copper block is thermostabilized by a Peltier element driven independently by a PID controller enabling temperature
stability of +0.01-0.02 K. Temperature logging is also provided by the controller with the resolution of 10~3 K. The data
are recorded by computer with the desired sampling rate. The temperature gradient applied over cells was generally the
same in all cases and close to 1 K/mm.

To observe the concentration variation inside liquid mixtures, the Mach-Zehnder interferometer scheme was applied
since it allows simultaneous observation of the fringe pattern and the object itself and can easily treat the beam deflection
problem. The light source is He-Ne laser with wavelength A = 632.8 nm. The expanded and collimated laser beam is split
into the reference and objective arms with the cell assembly placed within the last one. Then both beams are redirected by
mirrors and join at the second beam splitter. The resulting interferogram is recorded by CCD camera. Resolution of imaging
system is around 50 pixels/mm.

All optical components are mounted on optical bench plate, which is placed on top of the optical table but mechanically
decoupled and thermally isolated from the latter. To improve the mechanical stability of interferometer, all elements were
mounted on low rigid 25 mm diameter posts. To ensure the thermal stability of the interferometer during the experiment
(up to 2-3 days), the whole setup including bearing bench plate is placed inside a box of thermal insulation material.
The box is equipped with air-to-air cooling/heating assembly based on Peltier element and driven by the dedicated PID
controller. A set of shields is inserted in the box to prevent air perturbation over optical paths. The temperature inside the
box was kept equal to the mean temperature of liquid with residual fluctuations of £0.1 K.

Values of refractive index variation with temperature and concentration, (an/dT)¢ and (dn/dC)r (the so-called contrast
factors), are required for the measurement of species separation. When it was impossible to find these values in literature
we had extracted them from a set of refractometric measurements.

We did experiments with two alcohol-water systems (namely, ethanol- and isopropanol-based) and with Fontainebleau
benchmark [3] solutions (50/50 wt.% mixtures of dodecane (C12), isobutylbenzene (IBB) and 1,2,3,4-tetrahydronaphthalene
(THN)).

2.2. Image processing technique

Presently there are two main methods available to extract spatial distribution of optical phase from interference patterns.
They are: two-dimensional Fourier transform method [4,5] and temporal phase-stepping technique [6]. The latter one is
considered as more sensitive, but former has an advantage to be more robust to external disturbances and needs only one
snapshot to extract phase information. We have adopted the 2D Fourier transform method. As this method utilises the
Fourier transformation of the fringe pattern, it places some requirements onto the latter. First, the carrier fringe system has
to be sufficiently dense which will provide a distinguishable peak in the Fourier domain. At the same time, fringe contrast
should not suffer when fringes are very close. More details one can find elsewhere [7]. Example of the fringe pattern with
main processing steps is given in Fig. 1.

After 2D Fourier transformation of the initial fringe pattern one obtains a spectrum of fringes in the spatial frequency
domain. A typical spectrum consists of three main features (see Fig. 1): a central peak with information about the back-
ground intensity of the interferogram, and two sidebands; each of them is carrying complete information about phase. One
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needs to extract only one sideband from the full spectrum. For this purpose a Gaussian filter is applied to the spectrum
with maximum located at the respective sideband.

The important step then is to shift the resulting spectrum towards the origin of Fourier domain. The distance of this
shift corresponds to spatial frequency of initial (so-called reference) interference pattern (see Fig. 1). This operation removes
the fringe carrier frequency from the spectrum and leaves only information about change of fringe density with respect to
initial state, and value of phase related to this change. In addition to the fact that the reference interferogram determines
the spatial carrier frequency, it possesses its own phase distribution map, which has to be evaluated in separate step and
then to be subtracted from phase map of interest. In this way, the method applies the holography principle and tracks the
only posterior optical phase variation in the set of images following the reference image.

By performing the inverse Fourier transform of the filtered and shifted spectrum, one can reconstruct both the amplitude
and a spatial distribution of phase change of the fringe pattern. However, the phase difference calculated in this way is
wrapped, which means that it belongs to the range (—m, ), see Fig. 1. It should be unwrapped then to construct the
continuous natural phase. Unlike the one-dimensional case, for two-dimensional and noisy maps, sophisticated unwrapping
techniques are required. As in our case phase maps typically have a good quality, we adopt simplest approach based on
successive comparison and validation of closed neighbour pixels. As a result, a smooth 2D phase map is obtained (see
Fig. 1).

We had tested the interferometer stability and accuracy of reconstructed phase maps for standard experiment duration.
Typical value of phase variation for interferometer working in thermostabilized box is +0.1...0.2 rad. The value agrees well
with the common accuracy of interferometry (277 /50), which can be found in the literature [8].

In fact, the two-dimensional phase distribution (map) contains information about many things. The wave front can be
distorted by optics, by perturbations of air temperature, by temperature distribution in glass walls, temperature distribution
in liquid bulk, and finally by concentration distribution in the liquid. Each particular interference pattern is formed either by
all above factors or by some of them, depending on the state of instrument. An important part of overall processing routine
is the separation of contributions. This separation is done by choice of proper reference image. For example, by choosing
reference image shortly after establishing the temperature difference over the cell, we can isolate information about all
inputs into optical phase except concentration variation. Processing the next images with respect to this one provides the
phase value, from which a full 2D map of concentration field is extracted by equation

A 9
C(x.2)=[px,2) — (o, Z)>]ﬁ/(£> + Co (1)
T

where ¢(x, z) is phase map extracted from specific fringe pattern, (¢(x, z)) is value of the phase averaged over field of view,
L is optical path in liquid and Cp is mean concentration of the mixture.

3. Cell optimization

The important aspects of the experiment, other than fringe processing, are the cell geometry and thermal design. This
design is one of most critical factors, which can completely discard all advantages of interferometry. It determines presence
and intensity of residual convection inside the cell. Due to drastically different characteristic times for transport of momen-
tum and mass, the presence of convective flows in diffusion cell will significantly alter the concentration field. So, residual
convection has to be reduced as much as possible.

When the thermal gradient is directed against gravity, the mechanical equilibrium in the cell is generally stable. However,
convection can easily appear at lateral walls of the cell and in the corners where thermal perturbations are inevitable.
For example, in our very first version of cubic cell it was impossible to see any thermodiffusion separation at all. Flow
visualisation revealed presence of residual convection in this cell with velocity of 10-20 pm/s, which was enough to mask
the concentration separation [9].

In view of the fact that similar problem of residual convection was addressed since very first measurements in classical
Soret cell, we have started with stationary heat transfer calculations of the used and planned cell geometries. We utilised
the Comsol Femlab package as it allows easy generation and treatment of complex geometries. For simulation, we took the
thermal properties of copper, quartz glass, water, rubber and air from literature, and realistic boundary conditions.

First of all, we found a way of simple improvement of existing cell by replacing glass frame with thick walls by thin ones.
Essential reduction of lateral temperature gradients was demonstrated both numerically and experimentally [10]. With such
an improved cell it was possible to see a layer of liquid at central part where separation followed theoretical prediction
(Fig. 2).

Although such a cell enables us to perform adequate measurements [9], disturbed regions in the cell corners were still
very big. A next iteration of the cell, also inspired by numerics, was a flattened cell with larger optical path L =18 mm and
reduced height H = 6.6 mm. This new cell was bounded by completely flat copper blocks with no grooves or protrusions,
which further reduced lateral heat fluxes. Sealing gaskets applied for this version of the cell were made of PTFE sheet of
0.2 mm thick. Although evidently reduced, lateral temperature gradients were still present in the cell. This in turn resulted
in slight disturbance of concentration map in corners (Fig. 3).

With the same numerical tool we had finally found an ‘ideal’ solution for the cell which is completely free of heat fluxes
through lateral walls. It is mainly based on previous cell geometry but with sealing gaskets made of material with thermal
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Fig. 2. Concentration map (left) and vertical profile at x =5 mm (right) after separation of water-ethanol solution with 0.613 mass fraction of water in cubic
cell. Open circles in right plot are experimental points, solid line is theoretical profile for given time instant and dashed lines confine central trustworthy
layer.
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Fig. 3. Concentration map (left) and vertical profile at x =9 mm (right) after separation of water-ethanol solution with 0.609 mass fraction of water in flat
cell. Open circles in right plot are experimental points, solid line is theoretical profile for given time instant and dashed lines confine central undisturbed
layer.

6f i
—\A 0.496
0.497
0.498 —
£ 4L 0.499 —3
£ 0.5 —
N 0.501 —
oF 0.502 !
0.503
0.504
0.505
0 L L L L L L L L 0 O
0 2 4 6 8 10 12 14 16 18 0.494 0.5 0.506
X, mm concentration, mass frac.

Fig. 4. Concentration map (left) and vertical profile at x =9 mm (right) after separation of THN-C12 solution with 0.50 mass fraction of THN in flat cell
with gaskets of special rubber. Open circles in right plot are experimental points, solid line is theoretical profile for given time instant and dashed lines
confine central trustworthy layer.

conductivity equal to one of glass. Nowadays such materials are commercially available as thermal conductive composite
rubber. In agreement with prediction, separation in such cell exhibits absence of disturbances at lateral walls (Fig. 4). Thus,
iteratively we had approached the cell design suitable for precise measurements of Soret and diffusion coefficients.

4. Measurement of thermodiffusion and diffusion

The present technique gives a unique possibility of increasing measurement accuracy by providing information about
concentration distribution all along the thermodiffusion path. In fact, the method gives a two-dimensional concentration
map, although the distribution itself is almost one-dimensional. This excessive information can be used for evaluation of
residual convection, but in the case when convection is really negligible, the 2D concentration map may be shrunk to a 1D
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Fig. 5. Separation curves for THN-C12 solution with 0.50 mass fraction of THN. Open circles are experimentally measured concentration difference over
field of view, solid lines are fitting curves.

concentration profile. So, at each time instant we have full concentration distribution over the thermodiffusion path. This
extended dataset requires development of new procedure for extraction of coefficients.
The solution of thermodiffusion equations for convectionless case can be written as follows [9]:

C(z.t) = Co + Co(1 — Co)STAT| + — 2 4Z]cos M2 exp( —n2 L )
) =Co+Co 0)°T 51 3 2 H p I

n,odd r

where St is Soret coefficient, AT is applied temperature difference, and 7, = H2/m2D is characteristic time, which deter-
mines the diffusion coefficient D.

The expected concentration is calculated for each experimentally observed point z; and each time point of image acqui-
sition t; using two fitting parameters of St and t, with some initial guess for them. Then fitting is done iteratively by using
the Nelder-Mead algorithm, which minimizes the misfit function:

k,m
3C= Z[Cexper(zb tj) — Ctheor (i, tj)]z (3)
ij
by varying the above fitting parameters. The number of spatial points in the experimental dataset is around k = 340 and
the number of acquired images is m = 200, ..., 800. So, the fitting is done with the matrix of at least k x m = 340 x 200
size. Due to such large amount of data, even this simple approach gives satisfactory results. However, the accuracy of fitting
can be improved when possible sources of errors in the experimental data are considered and accounted for.

One of the errors, for example, comes from the fact that the reference image for extracting concentration distribution
is not necessarily located at the very beginning of the separation step, as it has to be taken only after the temperature
profile is completely established. Due to that, a reliable reference image can often be found in 5-10 minutes after the real
separation start, although in the above fitting the time of reference image is t =0 and Cexper(2, 0) = Co.

Correction for this error is rather evident and easy. One needs to introduce one more fitting parameter to, let us call it
“initial time”. Then the theoretical anticipation for experimental concentration profile is given by

Ctheor(z,t) = C(z,t +tg) — C(z,tp) + Co (4)

where both terms C(z,t + tp) and C(z,tp) are calculated according to (2). Such correction gives much better fit to spatial
concentration profiles than simple use of Eq. (2).

An additional advantage of this experimental technique is the opportunity to track backward diffusion relaxation after
switching off the temperature gradient over the cell. The linear concentration profile from which the diffusion relaxation
starts from, allows easy derivation of solution describing the process:

4 1 t
C. t):co—ACst[; > n_2C°S<ﬂHZ> eXp(_nzr_r>] .

n,odd

where ACs is separation after reaching steady-state, and 7, is the only fitting parameter in this case. An example of
experiment conducted in two steps is given in Fig. 5.

This measurement of coefficients in two steps allows further increase of accuracy, as the diffusion coefficient is measured
twice. Then, the corrected diffusion coefficient can be introduced into equations for thermodiffusion to improve an accuracy
of Soret coefficient fit.
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Fig. 6. Plots of concentration-dependant properties which determine signal-to-noise ratio (left). Signal-to-noise ratio over full concentration range for water-
isopropanol system (right); dashed line is approximate threshold of reliable measurements.

Soret and diffusion coefficients of three Fontainebleau benchmark mixtures [3] have been measured by the above tech-
nique. Remarkably the values measured by digital interferometry agree with benchmark values within less than 3% [11].

Along with all advantages of the method there are some limitations as well. First, a negative Soret coefficient cannot be
measured in such a high cell due to rapidly developing double diffusive instability. This problem can be avoided by use of a
cell with thin liquid layer of millimetre height and inverse thermal gradient as it is usual in beam deflection method [12].

Another limitation of the method comes from the fact that it is based on optical diagnostics. It means that in some
special cases accuracy of the method can go down due to certain optical and other properties of the mixture. A good
exemplary system to consider such cases is a water-alcohol mixture. In all such systems every optical technique suffers
from high scattering of data in range of small water concentrations. Particularly for the present method it means that
separation curves (like those shown in Fig. 5) become very noisy in the region mentioned. The scattering of separation
values follows from behaviour of observed vertical profiles which demonstrate strong oscillatory deviations from theoretical
ones especially close to horizontal boundaries.

Reason for such data scattering is mixing in optical signal (phase) several inputs: main concentration input, optical noise
and thermal noise. Of course, the basic temperature field is taken out of consideration by subtraction of respective reference
image, but there are always some fluctuations of this field due to active thermal regulation. In many cases influence of these
fluctuations is negligible, but when concentration input vanishes for some reasons, they become pronounced.

If we introduce a signal-to-noise ratio (SNR) which relates overall separation value to its fluctuations and transform it
into ratio of measured quantities (phase), we can try to isolate main parameters influencing measurement accuracy:

_ AC  Apc  Agc ()
S(AC)  8(A@c)  S¢r + 8@opt

If we skip in Eq. (6) the phase fluctuation §¢qp; related to optical noise as it is typically order of magnitude less with
respect to phase variation due to thermal noise §¢r, we can obtain

(9n/dC) AT )
(an/aT) 8T

where 8T is temperature fluctuation value. So, finally the SNR depends upon three concentration-dependent quantities: both
contrast factors and Soret coefficient. In Fig. 6 it is clearly seen how these quantities affect the SNR, namely, it has gaps in
concentration points where any of these values vanishes.

At the point with zero St, the gap is very narrow since in this region the concentration input is large due to high
(0n/0C). Situation is much worse in region where contrast factor (9n/9C) vanishes, separation itself is very small here due
to small St and thermal noise is most pronounced due to highest (an/aT).

Presently, with current temperature stability, we can roughly estimate the threshold for reliable measurements by this
method as SNR = 10, which is plotted in Fig. 6 by dashed line. There are some possibilities to decrease the threshold by
improvement of thermal regulation system and/or by studying spatial behaviour of temperature fluctuations.

SNR

SNR =~ S7tCo(1 — Cp)

5. Conclusion

Modern developments in digital imaging and image processing have drastically improved flexibility and usability of
interferometry for measurement of transport properties of transparent fluids.
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In addition to pure diffusive convectionless measurements, convective instabilities can be easily recognised and localised
by the technique allowing detection and elimination of problems coming from improper cell design.

Diffusion and thermodiffusion coefficients can be reliably and accurately measured in single- or two-step experiments.

A way of estimating the applicability range of the method is presented.
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